Priming by natural compounds is an interesting alternative for sustainable agriculture, which also contributes to explore the molecular mechanisms associated with stress tolerance. Although hosts and stress types eventually determine the mode of action of plant-priming agents, it highlights that many of them act on redox signalling. These include vitamins thiamine, riboflavin and quercetin; organic acids like pipecolic, azelaic and hexanoic; volatile organic compounds such as methyl jasmonate; cell wall components like chitosans and oligogalacturonides; H 2 O 2 , etc. This review provides data on how priming inducers promote stronger and faster responses to stress by modulating the oxidative environment, and interacting with signalling pathways mediated by salycilic acid, jasmonic acid and ethylene. The histone modifications involved in priming that affect the transcription of defence-related genes are also discussed. Despite the evolutionary distance between plants and animals, and the fact that the plant innate immunity takes place in each plant cell, they show many similarities in the molecular mechanisms that underlie pathogen perception and further signalling to activate defence responses. This review highlights the similarities between priming through redox signalling in plants and in mammalian cells. The strategies used by pathogens to manipulate the host´s recognition and the further activation of defences also show similarities in both kingdoms. Moreover, phytochemicals like sulforaphane and 12-oxo-phytodienoic acid prime both plant and mammalian responses by activating redox-sensitive genes. Hence research data into the priming of plant defences can provide additional information and a new viewpoint for priming mammalian defence, and vice versa.
Role of redox signalling in plant defence against pathogens
When constitutive resistance fails to prevent pathogens from entering, plants activate defence mechanisms to limit pathogen invasion [1] . Plants perceive conserved molecular patterns from pathogens (PAMPs; pathogen-associated molecular patterns), or the effectors used by microbes to suppress plant defences, by activating PAMP-triggered immunity (PTI) or Effector-triggered immunity (ETI), respectively [2] . Both types of defence share immune responses, including accumulation of pathogenesis-related proteins (PRs), reactive oxygen species, callose and secondary metabolites [3] . Plants are also able to develop induced resistance by activating an alarmed state, which enhances their defensive capacity against future pathogen attacks [4] . These systemic defences result from microbial elicitor recognition (systemic acquired resistance, SAR; Durrant and Dong [5] ) or rhizobacteria (induced systemic resistance, ISR; Ton, Davison, Van Wees, Van Loon and Pieterse [6] ). Rapid reactive oxygen species production, known as oxidative burst, is important for defence signalling in all kinds of responses to pathogen attack, and can trigger the hypersensitive response (HR) and programmed cell death (PCD) [7] . The origin of oxidative burst in response to a pathogen challenge remains unclear. It seems that O 2 · − generation is due mostly to the NADPH-dependent oxidase activity of respiratory burst oxidase homologues (RBOH) [8] . This membranebound enzyme transfers electrons from cytoplasmic NADPH to O 2 and generates O 2 · − , following its dismutation to H 2 O 2 by superoxide dismutase [9] . The current view is that both molecules are mainly beneficial to cells, thus it is essential to maintain their basal level within an optimal range for proper cell function [10] . Denominating reactive oxygen species processing systems instead of antioxidative systems has been proposed to describe the cellular components that interact with them and transmit oxidative signals [11] . Plants control redox levels for proper cellular function by enzymatic and non-enzymatic mechanisms. The former include superoxide dismutase (SOD), glutathione peroxidase (GPX), peroxiredoxin and catalase (CAT). Antioxidant molecules include the non-protein thiol glutathione (GSH) and ascorbic acid, the most abundant antioxidant compound in plant cells [12] . The ascorbate-glutathione (AsA-GSH) cycle plays an important role of maintaining the level of H 2 O 2 concentration. GSH also reduces cellular disulphide bonds and detoxifies xenobiotics by being converted into its oxidised form, glutathione disulphide (GSSG), which contributes to production are linked, the connections between RLKs and redox signalling remain unclear. Based on data from plant and animal models, it has been proposed that specific RLKs could be components of redox sensing machinery or redox sensors [14] . H 2 O 2 signalling plays an important role in different stress situations by acting on the redoxsensors that regulate the expression of redox-sensitive genes [15, 16] . The initial oxidative burst acts on the pathogen, reinforces the cell wall and triggers signalling, mainly based on more stable H 2 O 2, which is transmitted over long distances by a wave [17] . H 2 O 2 accumulation specifically induces several transcription factors like Arabidopsis heat shock factor HsfA1a, which could act as a hydrogen peroxide sensor [16, 18] . Superoxide ion also has specific targets, including WRKY46, WRKY28 and WRKY22 [19] . H 2 O 2 up-regulates the genes that encode antioxidant enzymes to maintain a redox balance, but also down-regulates these genes to maintain proper H 2 O 2 levels for signalling networks. It seems that H 2 O 2 is positively used to activate stress-responsive genes to cope with environmental changes, but a negative regulation of the expression of those genes provides a feedback mechanism to regulate H 2 O 2 levels in order to modulate signalling networks [20] . Hence, it seems that reactive oxygen species induce different responses depending on not only their chemical nature and interacting molecules, but also on cell identity and the type of oxidative modification [21] . A recent analysis of microarray studies about experiments on redox homeostasis perturbation has also revealed the relevance of oxidative stress response timing to determine different transcriptome footprints [22] . Phytohormones also play a key role by signalling and coordinating plant responses. Salicylic acid (SA), jasmonic acid (JA), ethylene (ET) and abscisic acid (ABA) play a relevant role in defence responses against phytopathogens. The balance among these hormones, H 2 O 2 and the hormones involved in plant growth and development finally determines the outcome of infection [23, 24] . Hence the fine crosstalk between these pathways generates variable responses in accordance with challenging pathogens [3] . The pathogen can also manipulate hormone signalling and the oxidative burst, but the host can attenuate this manipulation. H 2 O 2 seems to be involved in both the synthesis and signalling of stress hormones. H 2 O 2 acts upstream and downstream of SA signalling. SA plays both pro-oxidant and antioxidant roles in response to stress [25] . Infection with pathogens and other abiotic stresses triggers an oxidative burst that activates SA signalling. SA also contributes to modulate redox homeostasis by promoting both H 2 O 2 accumulation and scavenging. This ambivalent effect of SA corresponds to a first oxidative phase, characterised by a transient increase in H 2 O 2 levels and a reduction in GSH levels, followed by a reductive phase associated with increased GSH levels and reducing power [26] . Hence, the interplay between intracellular levels of SA, H 2 O 2 and glutathione (GSH) determines defence responses. Nitric oxide (NO) also constitutes a signalling molecule in plant responses to biotic and abiotic stresses [27] . S-nitrosoglutathione (GSNO) is an NO donor that can transfer NO to other proteins in a process known as trans-nitrosylation, which is regulated by GSNO-reductase (GSNOR). In Arabidopsis thaliana, the direct crosstalk between H 2 O 2 -and NO-signalling mediated by the reversible H 2 O 2 inhibition of GSNOR has been demonstrated, which activates anti-oxidative mechanisms [28] .
A master redox sensor in plant defence is the non-expressor of PR Genes 1 (NPR1). Changes in the redox balance due to biotic and abiotic stresses converts the NPR1 inactive oligomeric form into an active monomer by the redox modification of Cys residues catalysed by thioredoxins, which translocates in the nucleus by activating PR genes [29] . SA binds to NPR1 by inducing its activation [30] and regulates the nuclear levels of NPR1 by proteasome-mediated degradation and phosphorylation [31] . Hence SA levels could be indicative of the cellular redox state [25] . NPR1 transition to its monomeric form also seems to be regulated by NO-mediated S-nitrosylation. The pathogentriggered nitrosative burst promotes the S-nitrosylation of NPR1, which favours the development of NPR1 oligomers [27] . TGA transcription factors are also redox sensors which, upon the modification of Cys residues, allow binding to both NPR1 and DNA [25] . Class II TGAs mediate the antagonistic effect of SA upon JA/ET-signalling. Hence, TGAs, especially TGA2, are essential in the transcriptional regulation mediated by SA and redox signals.
The oxidative burst and further redox signalling also promote the activation of important plant defence responses. Callose is a defensive polysaccharide that accumulates to form the papilla, a structure that prevents pathogens from entering, which constitutes a marker of the activation of defence responses [32] . A connection exists between callose deposition and different types of reactive oxygen species. Vellosillo et al. [33] cinerea in both Arabidopsis and tomato plants [34] . So it is clear that reactive oxygen species participate in the plant response to stress conditions by playing different roles in early perception and signalling to activate plant defences in networks with other signalling pathways.
Priming plants against biotic stresses by acting on redox signalling
Many natural compounds act as plant defence inducers and have been related to priming [35] . Treatment with these compounds enhances the plant's capacity to express specific defence responses when a plant is attacked by a pathogen [4] . An excellent review has recently covered the advances made in disclosing molecular mechanisms of priming [36] . Here we focus on the priming effect of plant natural inducers through redox signalling and implications on priming in mammalian cells. In the present-day, treatment with natural compounds is an excellent alternative for sustainable agriculture [37] . One group of natural inducers in the model plant A. thaliana, consists of redox active compounds. Thiamine (vitamin B1) [38] , riboflavin (vitamin B2) [39] and quercetin [40] induce resistance by increasing plant sensitivity to hemibiotroph P. syringae pv. tomato DC3000 (Pst) elicitors. In addition, p-aminobenzoic acid (PABA), which belongs to the vitamin B group [41] , and menadione sodium bisulphite (MSB), a vitamin K3 derivative [42] , act as inducers by a priming mechanism. There are reports that support the central role of reactive oxygen species, particularly H 2 O 2 , in vitamin-induced resistance (vitamin-IR), and that ascorbic acid (vitamin C) and tocopherols (vitamin E) form part of the molecular mechanisms that underlie this IR [43] . Thiamine treatment modulates several key regulators of NADPH oxidase during plant response to various stresses. It protects Arabidopsis against Sclerotinia sclerotiorum by up-regulating NADPH oxidase-mediated signalling, which could reverse the initial reducing status due to oxalate being secreted by the pathogen to facilitate plant invasion [44] . This vitamin also induces cell wall fortifications to prevent oxalate diffusion. H 2 O 2 induction seems necessary for riboflavin-IR in different plant pathosystems. Riboflavin treatment of Arabidopsis plants produces rapid H 2 O 2 accumulation as a key element in the IR to Pst [39] . In addition, riboflavin induces the expression of GST encoding glutathione-S-transferase that belongs to phase II detoxification enzymes [45] . Riboflavin-IR to the necrotroph Botrytis cinerea also accelerates H 2 O 2 production after infection. It primes for the enhanced lipoxygenase (LOX) activity involved in the octadecanoid pathway, which leads to oxypilin synthesis, which is required for proper defence. Riboflavin-IR to P. viticola in grapevine involves H 2 O 2 accumulation [46] and callose deposition, which prevent the pathogen and its toxins from entering [44] . PABA is capable of priming resistance against Cucumber mosaic virus and Xanthomonas axonopodis by inducing SAR [41] . MSB generates H 2 O 2 and primes genes in Arabidopsis plants like several GSTs and those that encode ABC transporters, which may maintain oxidative homeostasis [47] . The defence-signalling pathways that regulate vitamin-IR in A. thaliana vary depending on the priming molecule. Thiamine depends only on the SAsignalling pathway, while MSB-IR seems to be regulated by both the SAand JA-signalling pathways. PABA-IR appears to be regulated by both the SA-and ET-signalling pathways. Only riboflavin-IR apparently acts independently of the known hormonal pathways in Arabidopsis, where H 2 O 2 directly activates NPR1 to lead to defence response induction [43] .
Several carboxylic acids also act as priming agents and/or mediators through the modulation of the oxidative environment. Azelaic acid (Az), pipecolic acid (Pip) and hexanoic acid (Hx) are among the best characterised. AZ, a 9-carbon dicarboxylic acid produced from free unsaturated fatty acids, is involved in defence priming during Arabidopsis SAR to P. syringae pv. Maculicola [48] . AZ primes the plant to accumulate higher SA levels upon bacterial rechallenge. Recently, a metabolomic analysis has shown that priming by AZ is associated with an up-regulated phenylpropanoid pathway [49] . AZ also accumulates in tomato plants upon infection with the hemibiotroph Pst, but also with the necrotroph B. cinerea [50] . Pip, a lysine degradation product, is a key regulator of SAR-associated defence priming in Arabidopsis [51] . Treatment with Pip induces the resistance of tobacco plants to P. syringae pv tabaci by priming plants for early SA accumulation [52] . Recent data have indicated that Pip accumulation regulates Arabidopsis SAR and defence priming by the downstream action of flavin-dependent-monooxygenase1 (FMO1) [53] . Hexanoic acid (Hx) is a potent natural priming agent within a wide range of host plants and pathogens [35] . As a general mechanism, it early induces callose and 12-oxophytodienoic acid (OPDA) accumulation and the JA-signalling pathway. In later infection stages, it primes specific responses according to the pathogen's lifestyle [54, 55] . Hx-IR against B. cinerea primes redox-related genes, including many GSTs, and allows the oxidative environment to be maintained, which might be critical for limiting pathogen invasion [35, 55] . A metabomolic analysis has demonstrated that Hx priming establishment in tomato plants against B. cinerea primes ascorbate metabolism and the accumulation of 1-methyl triptophan, a metabolite not previously found in plants, which also primes tomato plants against both B. cinerea and Pst [50] .
Volatile organic compounds also constitute natural inducers. They act as airborne signals by priming disease resistance in the plant itself and also in neighbouring plants [56] . The defence reactions associated with these inducers include cell wall reinforcement, enhanced oxidative burst and the induction of defence genes [57] . Methyl jasmonate (MeJA) induces resistance against B. cinerea by priming the defence mechanism in tomato seeds [58] . MeJA mediates intra-and inter-plant communications and modulates plant defence responses, including antioxidant systems [59] .
Another natural compound, nicotinamide adenine dinucleotide (NAD) triggers an oxidative burst and defence hormones by priming pathogen-induced callose and cell death. It enhances resistance against different pathogens, including Pst-AvrRpt2, Dickeya dadantii and B. cinerea. NAD [60] .
Cell wall components of both plants and pathogens are also involved in priming plant defences. Chitosan is a polymeric deacetylated derivative of chitin that is present in some fungi cell walls which enhancesp plant defences [61] . It promotes H 2 O 2 accumulation, mainly through plasma membrane NADPH oxidase, by inducing the HR and PCD. The diverse mechanisms of action of chitosan include reactive oxygen species scavenging and antioxidant activities, as well as octadecanoid pathway activation. The plant cell wall is a dynamic functional structure involved in response to stress [62] . The elicitors released from it during pathogen infection can prime plant defences. Oligogalacturonides (OGs) are plant cell wall pectin-derived oligosaccharides that consist in linear chains of α-(1-4)-linked D-galacturonic acid. They act as endogenous elicitors, and the degree of methylation and acetylation affects the activation of defence responses [63, 64] . OGs treatment rapidly increases the oxidative burst in a wide array of different plant species [65] . Treatments with OGs protect grapevine against B. cinerea [66] . OGs induce a very strong AtRBOHD-dependent apoplastic oxidative burst in Arabidopsis [67] . A microarray analysis has shown many similarities between the differential expressions of the genes regulated by OGs, and after B. cinerea infection [68] . OG-induced resistance to B. cinerea has been found to be independent of JA, ET and SA signalling. It has also been demonstrated that exogenous OGs trigger NO production in Arabidopsis [69] . NO seems to adjust AtRBOHD-mediated O 2 -and H 2 O 2 production, as well as the regulation of OG-responsive genes. Plant cell wall degrading enzymes Endo-1,4-β-glucanases (EGases) participate in the internal signalling against B. cinerea and P. syringae in tomato and Arabidopsis plants [70, 71] . Functional analyses of EGase Korrigan 1 (KOR1) have determined that the absence of this endoglucanase primes alters H 2 O 2 accumulation upon infection of Arabidopsis plants with P. syringae, which alters callose deposition and increases plant susceptibility [72] . Recent studies have demonstrated a connection between the mechanical signals that develop during a pathogen interaction with plants and the priming of plant defences [73] . The mechano-sensing priming of A. thaliana plants against B. cinerea seems to be mediated by H 2 O 2 and is JA-independent [74] . Finally, certain plant growth-promoting rhizobacteria (PGPR) strains, which inoculate on plant roots, prime plant defences against subsequent stresses. Two PGRs prime rice seedlings against Xanthomonas campestris infection and salinity [75] . The used mechanism seems to be related with changes in enzyme activities in association with oxidative stress, especially ascorbate peroxidase (APX).
Hence, many phytochemicals that prime plant defences act by modulating redox signalling.
Priming against abiotic stresses that act on redox signalling
Although the term priming was introduced to describe a faster and stronger response against pathogens, it has also been applied to responses to abiotic stresses [76] . Priming agents that increase abiotic stress tolerance have also been associated with oxidative stress control. Sodium hydrosulphide (NaHS) protects plants from salinity and nonionic osmotic stress by altering the redox machinery [77] . Treatment with NaHS maintains low H 2 O 2 concentrations in stressed strawberry plants by activating enzymatic antioxidants such as SOD, CAT and APX. It also increases the ascorbate and glutathione redox states, and induces the expression of the key genes for ascorbate and glutathione biosynthesis. Ascorbic acid primes pumpkin (Cucurbita pepo var. styriaca) seeds to salt stress by enhancing the activity of CAT and PX. Polyethylene glycol (PEG) primes rice seeds against stress by zinc oxide nanoparticles mitigating their toxic effects, and by reducing O sodium nitroprusside (SNP), an NO-donor, primes plant tolerance to cadmium stress [84] . This NO priming seems to prevent the up-regulation of the methionine sulphoxide reductase genes caused by metal exposure. NO and H 2 O 2 also prime towards salinity and drought in citrus plants [85] . A H 2 O 2 wave functions as a general priming signal in plants by transmitting the local effect of an abiotic stressor to systemic tissues [17] . Upon abiotic stress, systemic acquired acclimation (SAA) is mediated by the interactions of this wave with the hormone signals activated in systemic tissues [86] . H 2 O 2 accumulation during abiotic stress affects the level and function of ABA, auxin, brassinosteroids, gibberellins and NO [87] . Both reactive oxygen species and NO are involved in promoting SAA to abiotic stresses, including stress-specific mechanisms for each stress type [88] . Cross-stress tolerance to abiotic stresses is based on exposing plants to mild stress to induce protection to subsequent strong stresses. Heat or cold priming-induced cross-tolerance is mediated by different signalling pathways, which involves, among others, H 2 O 2 , NO, plant hormones and transcription factors [89] . It has been demonstrated that acclimation-induced cross-tolerance in tomato plants is due to H 2 O 2 production at the apoplast, which finally induces stress responses [90] . Factors, such as light, temperature, drought and biotic infection, are all capable of inducing short-and long-term acclimation responses [91] . NH 4 + nutrition provokes mild toxicity in tomato plants by inducing H 2 O 2 accumulation, which acts as a signal that can activate SAA and thus can enhance resistance to subsequent P. syringae infection [92] . Therefore, priming plant responses against abiotic stresses also involves oxidative signalling control.
Epigenetic control of defence priming in plants
Epigenetic mechanisms, such as DNA methylation and histone modifications, are linked to chromatin reconfiguration in a plant's adaptation to different stresses [93] . Histone modifications are involved in defence priming and affect the transcription of defence-related genes [94] . Histone methylation and acetylation are critical regulators of primed responses. These modifications occur at specific histone residues, which correlate with, or are a consequence of, transcriptional reprogramming in response to biotic or abiotic stresses. Recent studies have implicated H3K4me3, H3K4me2, H3K9ac, H4K5ac, H4K8ac and H4K12ac in defence priming. H3K4me3 is particularly associated with stress memory [36, 95] . The frequency and duration of stress conditions determine whether their effects on gene transcription may remain temporally or be transmitted to the next generation, which is known as transgenerational epigenetic inheritance. Histone modifications have been analysed mainly in Arabidopsis plants in relation to priming responses to abiotic stresses, and to biotrophic pathogens like Pseudomonas syringae [96, 97] . WRKY53, a redox-sensitive transcription factor which is induced by H 2 O 2 [98, 99] , has been primed in Arabidopsis plants inoculated with P. syringae pv. Maculicola correlated with increased H3K4me3 in its promoter [96] . In tomato, WRKY53 has been induced by natural priming agent Hx acid [55] . Recently, it has been shown that its induction in response to B. cinerea is associated with increased H3K4me3 in an exon, an unusual location for this epigenetic mark [100] . Recent studies have also established that the transient binding of heat-inducible transcription factor HsfA2 leads to sustained H3K4 methylation which, in turn, leads to acquired thermotolerance in Arabidopsis [101] . Histone chaperone CAF-1 mediates the repression of defence genes by suppressing H3K4me3 marking to prevent inappropriate defence activation [102] . Histone acetyltransferases (HATs) and deacetylases (HDACs) are related to defence priming. hac1-1 (histone acetyltransferase 1) plants are compromised in bacterial resistance and defence priming [103] . During acclimation to abiotic stress, permissive mark H3K4me3 increases after recurring stress without removing the repressive H3K27me3 mark [104, 105] . In animals, the combination of activating and repressing marks H3K4me3/ H3K27me3 in the promoter is known as a bivalent promoter [106] . Hence bivalent histone modification can play a role in plant defence priming.
Therefore, specific epigenetic modifications correlate with the transcriptional reprogramming of the redox-sensitive genes associated with the priming of plant responses against stresses.
Priming defences in plants and in mammalians shares molecular mechanisms
Priming the plant defences mediated by redox signalling shares similarities with processes that take place in mammalian cells, such as preconditioning. This constitutes adaptation to lethal ischaemia when tissue is first exposed to mild doses of a subtoxic stressor [107] . It can be induced by hypoxia or pharmacological treatments, and activates proteins, enzymes, receptors, transcription factors and other biomolecules, which produce genomic reprogramming [108] . Oxidative inbalance is involved in inducing the stress response that limits tissue injury and allow further protection by increasing antioxidant activities, among other effects [108] . It is noteworthy that plant priming and mammalian preconditioning use the same strategies to control the activity of the main regulators of redox signalling. Nuclear factor erythroid-derived 2-related factor 2 (Nrf2) is a master redox regulator in mammalian cells given its binding to the antioxidant response element (ARE) [109] . This basic leucine zipper transcription factor induces the expression of many antioxidants and phase II detoxifying, including heme oxygenase-1 (HO-1), NAD(P)H quinone oxidoreductase 1 (NQO1), GST, γ-glutamyl cysteine ligase (GCL) and GR [110] . Keap1 is a cysteine-rich negative regulator of Nrf2 as it controls its subcellular location. When oxidative stress is absent, Nrf2 interacts with Keap1, which induces rapid proteasomal degradation. During oxidative stress, redox changes in the thiol groups within Keap1 and phosphorylation processes disrupt Keap1-Nrf2 complexes by facilitating the nuclear translocation of Nrf2, which leads to the induction of ARE-driven genes. Priming the Nrf2 pathway by electrophilic phytochemicals facilitates a more effective response to oxidative stress without activating more intense inflammatory responses [111] . What this highlights is that the strategy used for Nrf2 regulation resembles that involved in NPR1 regulation in plants. Both are activated by redox changes in thiol groups, which allows their nuclear translocation and leads the activation of defence genes. In both cases proteasome degradation is involved in maintaining the level of these key factors (Fig. 1) .
Priming plant defences also corresponds to priming, which is also called trained immunity, in the mammalian immune system. Recently, it has been described that the innate immune system can posse memory, and monocytes and macrophages can be trained [112] . This adaptive character is based on epigenetic and metabolic reprogramming, which allows an enhanced response to infections and vaccination [113] . Both plant and mammalian primings are based on the enhanced capacity for a quick efficient response and to share molecular mechanisms. These include increased accumulation of receptors and inactive signalling enzymes, and also chromatin modifications that provide memory for previous challenges, even transgenerationally [36] . This suggests evolutionarily conserved memory. Plants and animals use intracellular proteins of the nucleotide-binding domain (NBD), the leucine-rich repeat (NLR) superfamily, to detect many types of pathogens. The overlapping mechanisms in microbial recognition based on trans-kingdom principles of the NLR-dependent immune function have been recently reported [114] . An oxidative burst is also a common strategy in the activation of mammalian and plant defences. Oxidative stress constitutes a principal mechanism to control pathogens in the mammalian immune system, and contribute to the selective killing of tumour cells by macrophages [115] . Neutrophils play an essential role in host defence against pathogens. Upon infection, they migrate towards the infection site. To kill the entrapped pathogen, they generate the respiratory burst by NADPH oxidase NOX2. This process can be enhanced by treating neutrophils with priming agents, such as cytokines, chemokines, lipids and pathogen efectors [116] . This priming must be finely regulated to increase host defence efficacy without causing the harmful effects of excessive neutrophil priming in inflammatory diseases. It has been recently demonstrated that, as with primed plants, neutrophils respond according to the nature, concentration and timing of priming agent exposure [117, 118] . An interesting question is whether neutrophils seem exposed to a gradient of priming agents on their journey to the inflammation site [119] .
As observed in plants, the immune system in animals, including humans, can retain the memory of the previous transcriptional response to a pathogen challenge based on chromatin structure and epigenetic mechanisms [120] . A cell wall β-glucan of the human pathogen Candida albicans has been reported to activate defence priming [121] . The molecular mechanisms that underlie this priming effect resemble those that act on defence priming in Arabidopsis, including an enhanced H3K4me3 on the promoter of several defence genes [112] .
The strategies adopted by pathogens to manipulate the host's recognition and further activation of defences also show similarities in both kingdoms and could be useful to develop alternative strategies to combat pathogens in both plants and animals. In humans, Staphylococcus aureus is a bacterium that causes a wide range of diseases that has developed mechanisms to evade neutrophil killing [122] . S. aureus possesses an arsenal of virulence factors to manipulate host immune responses by contributing to its pathogenicity, including those that act by detoxifying O 2 · − . In macrophages, the oxidative burst produced by NADPH oxidase is a key process to combat bacteria, but S. auresus is able to counteract their effects. Staphylococcal genes sodA and sodM, which encode superoxide dismutases, the katA gene, which encodes a catalase, and carotenoid pigment staphyloxanthin all confer resistance to redox-mediated killing [122] . Many plant pathogens also produce effectors by targeting the plant immune system to subvert it [123] . P. syringae is a model to study this process thanks to the repertoire of type III secretion system effectors [123] . Bacterial pathogens have developed strategies to inhibit oxidative killing [124] . Xanthomonas campestris effector XopB inhibits oxidative burst and callose deposition in Arabidopsis plants treated with the Flg22 peptide [125] . Oxidative burst is a critical factor in the plant response to necrotrophs, particularly to B. cinerea [126] . This is one of the most important phytopathogens, and is considered a model for necrotrophic fungi Fig. 1 . Simplified model of the molecular mechanisms involved in the activation of master sensors NPR1 and Nrf2 induced by changes in redox balance. Fluctuations in the cellular redox state are sensed by NPR1 in plants. The NPR1 inactive oligomeric form is converted into an active monomer by the redox modification of the Cys residues catalysed by thioredoxins, which translocates in the nucleus and activates NPR1-driven genes. SA binding induces NPR1 activation and regulates the nuclear levels of NPR1 by proteasome-mediated degradation. NO-mediated S-nitrosylation favours the development of NPR1 oligomers. In mammalian cells Nrf2 interacts with Keap1, which induces rapid proteasomal degradation. During oxidative stress, redox changes in the thiol groups within Keap1 and phosphorylation processes disrupt Keap1-Nrf2 complexes. This promotes the nuclear translocation of Nrf2, which leads to the induction of ARE-driven genes. See the text for details on the molecular mechanisms that underlie each step. [127] . This phytopathogen, which is very difficult to control, shows a wide host-spectrum species [128] . B. cinerea contributes to oxidative burst to trigger plant responses to achieve full pathogenicity [126, 129] . Several enzymes involved in fungal oxidative metabolism, like BcSOD1 and the BcNox complex, contribute to manipulate the oxidative burst during the plant-pathogen interaction [34, 130] .
Hence there are many similarities between the overall strategy and molecular mechanisms that underlie plant and mammalian priming of defences, which are summarised in Table 1.
Phytochemicals prime both plant and mammalian responses
Several natural compounds that act as inducers of plant responses have shown cytoprotective activity against oxidative stress through Nrf2 activation in mammalian cells. Sulforaphane (SFN) belongs to a large structurally diverse family of plant defensive compounds that derives from glucosinolate precursors, especially in cruciferous species [131, 132] . SFN is specifically involved in resistance against the nonadapted strains of P. syringae in Arabidopsis [133] . SFN is released by A. thaliana to induce cell death and priming defences in naïve tissue, while treatment with SFN protects against Hyaloperonospora arabidopsidis [134] . In humans, the beneficial effects of SFN stem from its antioxidant and anti-inflammatory properties through the regulation of the Nrf2-ARE pathway, which up-regulates the expression of genes like HO-1, NQO1, GST, GCL and GR [110] . SFN is an electrophile that can react with critical Keap1 cysteine residues to block Nrf2 polyubiquitination and degradation, and may affect the phosphorylation of Nrf2. This facilitates Nrf2 translocation to the nucleus and the activation of ARE signalling. SFN helps prevent cardiovascular diseases, in which oxidative stress plays a major role [110] . The SFN preconditioning of the Nrf2-HO1 defence pathway in cerebral microvasculature prevents blood-brain barrier breakdown and neurological dysfunction in strokes [135] . SFN also acts as a cancer chemopreventive agent by inducing apoptosis in prostate cancer cells [136] .
Members of the plant stress hormones family of jasmonates have anti-inflammatory effects on mammalian cells and have shown direct anticancerigenic action by inducing cell death in various human cancer cell lines [137, 138] . Jasmonates are plant oxylipins that act as key signalling compounds in many processes, including development and plant responses to biotic and abiotic stresses [139] . The most bioactive compound is isoleucine conjugate JA-Ile that increases in response to stresses. It binds to F-box protein coronatine insensitive 1 (COI1) by enabling its interaction with JAZ proteins, which leads to their proteasomal degradation, followed by the release of transcription factor MYC2 and JA-signalling activation [140] . Oxylipins are a common means of communication among and between plants, animals and fungi to control development and to alter host-microbe interactions [141] . Plant oxylipins are structurally similar to prostaglandins, which play roles in numerous diseases involved in pain signalling, innate and adaptive immune responses, arthritis, atherosclerosis and cancer [142, 143] . Methyl jasmonate (MeJA), an important plant regulator, is similar to prostaglandins and displays neuroprotective, anti-inflammatory and antioxidant action in animal cells. Its mechanism of action is based partly on the modulating action of the oxidative burst, and on the inhibition of the production and gene expression of inflammatory mediators [144] . Jasmonates also exhibit selective cytotoxicity towards cancer cells. This anti-cancer activity of jasmonates is partly due to the induction of apoptosis via the generation of H 2 O 2 , and pro-apoptotic proteins [145] . The effects of jasmonates on plant and cancer cells share similarities, including induction of cell death, suppression of proliferation, MAPK induction and H 2 O 2 generation. It is interesting that treating plants with jasmonates and its derivatives also induces the accumulation of secondary metabolites with antioxidant properties, which improves fruit qualities and benefits for human health [59] . A good example is that treatment with methyl jasmonate (MeJA) and JA produces broccoli and radish sprouts with enhanced levels of health-promoting glucosinolates, including SFN [146] .
Another relevant oxylipin involved in priming plant responses to stresses is 12-oxo-phytodienoic acid (OPDA), the biosynthetic precursor of JA, which also mediates signalling in plant stress responses independently of JA signalling [147] . Sham et al., [148] have reported genes to be commonly induced by OPDA, oxidative stress and B. cinerea infection in Arabidopsis. OPDA also induces plant defence responses to a piercing-sucking insect in rice [149] . This oxylipin is also a droughtresponsive regulator of stomatal closure [150] . A correlation among OPDA-signalling, O 2 -/H 2 O 2 and callose has been demonstrated in response to B. cinerea in Arabidopsis and tomato plants [34] .
As previously mentioned, Hx acid is a natural inducer that protects a wide range of plants against pathogens of different infection strategies and constitutes a good model for the molecular characterisation of the plant alarmed state [35] . The mechanisms that underlie Hx-IR include both the induction of the oxylipin pathway, which leads to OPDA accumulation, and the control of the plant redox environment [55, 151] . Primed tomato plants infected by B. cinerea have shown increased ascorbate levels and a GSH reduced/oxidised ratio, whereas GR and CA enzymatic activities have remained closer to those of non-infected plants. The transcriptomic analysis of the genes potentiated by this natural inducer has shown that they include those that encode PRX, GR, GRX, and several GSTs [55] . It is interesting to note that the activation of redox-related genes by this priming agent closely resembles those induced by SFN in the preconditioning of endothelial cells [110] . It is also noteworthy that among all the tested jasmonates in mammalian cells, OPDA has specifically shown a cytoprotective effect. OPDA treatment suppresses oxidative stress-induced death of human neuroblastoma cells by activating the Nrf2 pathway [152] . OPDA has been recently demonstrated to specifically attenuate inflammation in microglia through its effect on Nrf2 signalling [153] . Hence plant-derived oxylipin OPDA may protect against oxidative stress-related diseases by acting in a similar way to SFN. Moreover, the study of the mechanism of action of this oxylipin in plants has revealed that OPDA, but not JA, regulates cellular redox homeostasis by binding to cyclophilin 20-3 in response to cellular stress, which activates cysteine synthesis [154] . OPDA binding promotes CYP20-3 to form a complex with serine acetyltransferase 1, which triggers the formation of the cysteine synthase complex. This finally increases levels of thiol metabolites and enhances the redox capacity that coordinates the expression of a subset of OPDAresponsive genes, including GSTs, GRXs and HSPs. Therefore, OPDA signalling is linked to amino acid biosynthesis and cellular redox homeostasis in plant stress responses. All these facts demonstrate the similarities between plant priming and mammalian preconditioning by phytochemicals (Fig. 2) . Both Hx and SFN primings allow an adequate oxidative environment to be maintained in response to stresses. The fact that SFN and OPDA, a mediator of Hx-IR, can prime both plant and mammalian stress-responses allows research into both systems to exchange valuable information.
Conclusions and future perspectives
The data presented in this review reflect the relevance of controlling redox signalling for priming plant defences, as well as the similarities with the priming and preconditioning of mammalian cells. Oxidative burst and redox signalling are key components of the plant response to stress conditions. Natural priming agents promote faster and stronger responses to stresses by modulating the oxidative environment and interacting with hormone-mediated signalling pathways. These inducers include vitamins, organic acids, volatile organic compounds, cell wall components and H 2 O 2 , among others. The transcriptional reprogramming of the redox-sensitive genes associated with the priming of plant responses against stresses are associated with specific epigenetic modifications. This highlights that activation of mammalian and plant defences mechanisms is based on a similar mechanism of pathogen recognition, and also on the involvement of oxidative burst. The control of master redox regulators in plants and mammalians also follows similar patterns. In addition, pathogen manipulation of the host´s recognition and defences shows similarities. This could be useful to develop alternative strategies to combat pathogens in both plants and animals. Moreover, the mode of action of natural priming agent Hx based on the activation of redox-related genes closely resembles that used by SFN in the preconditioning of endothelial cells. Therefore, a better understanding of the molecular mechanisms that mediate priming in plants by phytochemicals can contribute to not only knowledge about the plant immune system, but also to the potential benefits of these compounds for human health. Combining knowledge on the molecular events among apparently distant fields, such as priming in plants and mammalian cells, would be desirable.
